Abstract: Loss of heterozygosity (LOH) occurs in a variety of diploid organisms after chemical mutagenesis and was observed in the vegetable pathogen Phytophthora capsici after N-ethyl-nitrosourea (ENU) mutagenesis at three loci during reverse genetic screening. Our objectives were to determine (i) the frequency of LOH among mutants, (ii) the directionality of the LOH events and (iii) the length of the genomic tracts exhibiting LOH. Of the 1152 ENU mutants screened, LOH was most frequent at locus 3 (99 ENU mutants), with locus 1 (10 ENU mutants) and locus 2 (9 ENU mutants) undergoing LOH at similar frequencies. LOH was bidirectional for all three loci, with locus 3 mutants biased toward one haplotype. Analysis of upstream and downstream heterozygosity indicates that the LOH events spanned up to at least 4.6 kb. The implications of mitotic recombination and LOH for reverse genetics and natural variation in Phytophthora are discussed.
INTRODUCTION
Loss of heterozygosity (LOH) is reported to occur in the genomes of a variety of diploid organisms in response to chemical mutagenesis (Tsang et al 1999 , Helleday 2003 . Mitotic recombination after exposure to genotoxic agents can result in LOH by mitotic crossing over or mitotic gene conversion, which is the nonreciprocal transfer of DNA sequence between homologous DNA duplexes during mitotic recombination (Petes et al 1991) . In Saccharomyces cerevisiae and the pathogenic yeast Candida glabrata, mitotic gene conversion results in mating type switching (Wu et al 2005) and also occurs as a result of exposure to mutagenizing agents (Freeman et al 2007) . Mitotic recombination has been induced routinely via Nethyl-nitrosourea (ENU) mutagenesis in the genomes of fruit fly, zebra fish and mouse (Ayaki et al 1990, Moore et al 2006 , Chen et al 2002 .
Mitotic recombination after chemical mutagenesis has not been reported for Phytophthora spp., but LOH has been documented and is thought to be responsible for some of the genetic diversity found in Phytophthora spp. and Pythium ultimum (Carter et al 1999 , Francis et al 1994 , Dobrowlski 2002 . Most reports of LOH in Phytophthora and Pythium involve aberrent segregation of alleles after crosses in Pythium ultimum, Phytophthora parasitica, P. infestans and P. cinnamomi (Carter et al 1999 , Francis et al 1994 , Dobrowlski 2002 . There are fewer published reports of LOH occurring in Phytophthora after mitosis. Loss of microsatellite alleles during successive subculturing is reported for P. cinnamomi (Dolbrowski et al 2001) . Mitotic instability is suggested to account for the LOH, and a colony sectoring phenotype was linked to loss of alleles. A similar phenomenon was reported for P. sojae after strain-specific crossing and the generation of recombinant progeny. Sectoring was observed in single spore-derived progeny, and it was shown that markers surrounding the avirulence locus, Avr1b, had switched to homozygosity (Chamnonpunt et al 2001) .
There are no published reports on the genomic consequences of chemical mutagenesis in Phytophthora. Ultraviolet (UV) irradiation has been used to mutagenize P. dreschleri and P. capsici, giving rise to auxotrophic mutants, although the genetic basis for the auxotrophic phenotypes remains unknown (Castro 1971) . Mutagenesis by ENU has been applied to Phytophthora spp. to introduce point mutations for reverse genetics (Lamour et al 2006) . ENU is a genotoxic DNA alkylating agent frequently used for reverse genetics because it is known to induce point mutations with high frequency. As with other DNA alkylating mutagens, ENU also induces mitotic recombination and LOH as a consequence of DNA damage and repair mechanisms (Ayaki et al 1990, Moore et al 2006 , Chen et al 2002 . The reverse genetics technique, TILLING (targeting induced local lesions in nuclear genomes), uses a single strand-specific endonuclease (CELI) to cleave heteroduplexed PCR amplicons at the sites of heterozygos-ity, and this technique is performed as a high throughput strategy for detecting ENU mutagenesisinduced single nucleotide point mutations in targeted genes of Phytophthora spp. (Lamour and Finley 2006) . Thus far only three loci have been screened from P. capsici with TILLING and LOH was observed for each locus: 1, a proposed Phospholipase D homolog (PLD); 2 encoding a gene exhibiting upregulated expression during the germinating cyst life stage; and 3, encoding a gene with homology to the Dicer gene involved in the eukaryotic RNAi pathway of mRNA degradation.
Our objective was to characterize the rate and breadth of ENU-induced LOH events in P. capsici. We report the rates of LOH in ENU mutagenized and nonmutagenized P. capsici isolates at three loci, the length of genomic tracts that convert to homozygosity after ENU mutagenesis and finally the directionality of conversion to homozygosity.
MATERIALS AND METHODS
Mutagenesis, TILLING and detection of LOH.-Two Phytophthora capsici isolates, CBS121656 and LT 1534, were used in this study. Isolate CBS121656 was recovered from a cucumber fruit in Michigan in 1997 and is an A1 mating type. Isolate LT 1534, an A2 mating type, was obtained through crosses and backcrosses involving CBS121656 and CBS121657 (Hurtado and Lamour 2009 ). Zoospores of Phytophthora capsici CBS121656 and LT 1534 were treated with ENU, and libraries of mutants and mirror libraries of genomic DNA were produced as described by Lamour and Finley (2006) . Primers were designed to amplify approximately 700-900 base pair targets from the three loci presented here. These genes were selected by members of the Oomycete molecular genetic research community. The genomic DNA library was screened as described by Lamour and Finley (2006) (TABLE I ). An assembly of the P. capsici genome is available from the Joint Genome Institute (v1.0), although due to the high level of heterozygosity an assembly and detailed annotation is still in progress. On the v1.0 assembly locus 1 is found on scaffold 5 (Gene ID: CBOT4083, base pair coordinates 571655-572458), locus 2 is found on scaffold 23 (Gene ID: CBOU4545) base pair coordinates 126094-126815) and locus 3 is found on scaffold 5 (No gene ID, base pair coordinates 1509630-1510547). Briefly, target regions were amplified with differentially labeled forward and reverse primers to produce amplicons with different fluorophores on each end of the amplicon. The amplicons were heteroduplexed and incubated in the presence of CELI enzyme, which will cut at the 39 end of a single basepair mismatch. Amplicons and fragments were separated and viewed with polyacrylamide gel electrophoresis (PAGE). The resulting TILLING PAGE gels and associated electronic images of the fluorescently labeled PCR products were analyzed visually to identify lanes that were missing the distinctive wild type banding patterns produced by the presence of pre-existing heterozygosity (FIG. 1) . A total of 1152 ENU mutants were screened per locus.
Confirmation of LOH and induced SNP.-Loss of heterozygosity at the loci was confirmed by re-amplifying and sequencing the PCR amplicons from mutants that did not display the wild type fragment pattern. Primers for amplification of these three loci from genomic DNA were designed with Primer3 (Rozen and Skaletzsky 2000) . Primers were designed with these criteria in Primer3 (http://fokker.wi.mit.edu/primer3/input.htm): primer size: Min. 20, Opt. 24, Max. 27; primer Tm: Min. 67, Opt. 70, Max 73. Amplicons were amplified with the PCR protocol from Lamour and Finley et al (2006) and submitted to the University of Tennessee Molecular Biology Resource Center. Amplicons were sequenced in both directions.
Identification of LOH in nonmutagenized isolates.-To test whether LOH occurs in nonmutagenized P. capsici mitotic progeny, 192 single zoospore colonies were generated from P. capsici isolates CBS121656 and LT 1534. These isolates were screened for LOH at the three loci with TILLING. DNA was extracted with methods described by Lamour and Finley (2006) . TILLING gels were analyzed visually.
Length of genomic tracts exhibiting LOH in ENU mutants.-Genomic regions up-and or downstream of loci were sequenced to test whether additional naturally occurring heterozygous sites converted to homozygosity in the LOH mutants. These regions were selected by aligning genomic 454 raw DNA sequence reads (http://capsici.ncgr.org/) and identifying regions with heterozygosity in LT1534, which is the strain that was used for genome sequencing. Putative polymorphic regions were resequenced in the wild type isolates to identify areas with pre-existing heterozygosity.
Genotyping LOH at locus 1 with DNA melting analysis.-A DNA melting assay (DMA) was optimized to determine the directionality of conversion to homozygosity among ENU mutants exhibiting LOH at locus 3. DMA was used to screen 192 P. capsici ENU mutants and differentiated either of the homozygote alleles from one another and from heterozygous ENU mutants. Locus 3 was chosen because it was determined earlier that this locus underwent LOH in approximately one in 10 ENU mutants (TABLE II) . Primers were designed with the LightScanner primer design software (Idaho Technologies, Salt Lake City, Utah) to amplify a 56 bp (base pair) amplicon that spanned a single heterozygous site in WT CBS121656 (See TABLE I for primer sequences). PCR reactions for DMA consisted of 4 mL Lightscanner Mastermix (Idaho Technologies, Salt Lake City, Utah), 1 mL genomic DNA at 50-150 ng/mL, and 1 mL each primer at 2.5 mM conc. The PCR temperature protocol was initial denaturation at 95 C for 2 min., 45 cycles of 95 C for 30 s and 64 C for 30 s and a final step of 95 C for 30 s followed by 28 C for 30 s. DMA was performed according to manufacturer's instructions with a 384-well format Lightscanner instrument (Idaho Technologies, Salt Lake City, Utah). PCR reactions were replicated on the plates to ensure reproducibility. Data analysis and normality parameters were adjusted with LightScanner 2.0 software. PCR amplicons from isolates displaying each of the DMA melt types were sequenced to confirm the SNP genotypes and for the homozygous individuals to view the surrounding haplotype.
RESULTS
Detection of LOH and SNP in mutagenized and nonmutagenized P. capsici.-Isolate LT1534 has five heterozygous sites in locus 1 and is homozygous at loci 2 and 3. For isolate CBS121656, locus 1 is homozygous, locus 2 has seven heterozygous sites and locus 3 contains 11 heterozygous sites. Both the TILLING analyses and the DNA sequence data from ENU mutants displaying LOH indicate that for each locus all heterozygous sites coconverted to homozygosity within the amplified regions (FIG. 2) . Conversion occurred to both of the underlying haplotypes at each loci (TABLE II) . Of the 1152 ENU mutants screened 10 mutants of LT 1534 exhibited LOH at locus 1, 9 mutants of CBS121656 displayed LOH at locus 2 and 99 mutants of CBS121656 underwent LOH at locus 3 (TABLE II) . In addition to LOH two induced point mutations were observed in LT 1534 at locus 1, three induced point mutations in CBS121656 at locus 2 and 10 ENUinduced point mutations at locus 3 in CBS121656. Three of the LOH mutants at locus 3 in CBS 121656 also had induced point mutations, as indicated by a single novel gel band within a LOH background (FIG. 1B) . The co-occurrence of induced point mutations and LOH at locus 3 was confirmed for each isolate by resequencing. No LOH was detected at the three loci screened in the 192 nonmutagenized P. capsici zoospore-derived isolates of LT 1534 and CBS121656.
Length of LOH tracts in ENU mutants.-For locus 1 an 823 bp region beginning 3.4 kb downstream was sequenced in LT 1534 and revealed five heterozygous sites. Resequencing of this region in the 10 LOH mutants confirmed that all five sites at this location also had switched to homozygosity. For locus 2 a 637 bp amplicon, which is 4.6 kb region downstream, was sequenced in CBS121656, revealing three heterozygous alleles, all of which coconverted to homozygosity in the nine LOH mutants. At locus 3 a 779 bp region, beginning 1.6 kb upstream, was sequenced and found to contain eight heterozygous alleles in CBS121656. Resequencing of this region in 10 LOH mutants indicated that all eight sites coconverted to homozygosity (TABLE II) .
Genotyping mutants exhibiting LOH at locus 1 using DMA.-The DMA assay of ENU mutants exhibiting LOH at locus 3 allowed differentiation of the heterozygote and two homozygote genotypes ( see  FIG. 3 ). Of 192 mutants screened 22 displayed LOH at locus 3. Of the 22 mutants showing LOH at locus 3, 20 converted to one of the two homozygote genotypes. These data indicated the LOH events at locus 3 occur preferentially in one direction, favoring the conversion of one haplotype to homozygosity.
DISCUSSION
In the process of developing reverse genetic resources for P. capsici, three loci with pre-existing heterozygosity were screened for induced point mutations. The first two loci screened, 1 and 2, had a low frequency of LOH (approximately one per 100 ENU mutants) and thus initially LOH at these loci went unnoticed. Only when locus 3 was screened did it become obvious that a large proportion of the mutants had lost the pre-existing heterozygosity (approximately one in 10 mutants). For each of the loci tested all heterozygous alleles present within an amplicon coconverted to homozygosity to one or the other haplotype. For loci 1 and 2 there did not appear to be any bias toward a particular haplotype, but for locus 3, 20 of the 22 LOH mutants tested converted to a single haplotype. These data suggest a bias toward one of the haplotypes, possibly resulting from recessive deleterious mutation(s) linked to one haplotype.
Our results indicate that the LOH extends beyond the length of the loci and in the case of locus 2 extends 4.6 kb. These LOH events might span much longer stretches of the P. capsici genome and also are likely occurring at multiple locations in the genome. Genomic instability (as evidenced by an increased rate in spontaneous LOH) was observed in mutants of Saccharomyces cerevisiae possessing mutations retarding the recombination and repair machinery (Andersen et al 2008) , and such mutations also might play a role in observed rates of LOH in P. capsici ENU mutants.
Three mutants of CBS 121656 were found to have undergone LOH at locus 3 and to contain a post-LOH point mutation (FIG. 1B) . The presence of the point mutation in the heterozygous condition indicates that the locus, post-LOH, is present as a diploid. However aneuploidy might be responsible for some of the observed LOH because ENU is known to induce aneuploidy in not only mammals but wheat as well (Jagtar and Shabeg 1992) . LOH was not detected in nonmutagenized zoospore isolates, and this is not surprising because spontaneous mitotic recombination and LOH in other diploid eukaryotes organisms is rare.
Our findings highlight a significant problem for ENU-based reverse genetics for Phytophthora capsici. The rate of LOH was 10 times that of ENU-induced point mutation at locus 3 and was twice as high at locus 1 and 2. Linking phenotype to mutation during reverse genetic screening might be confounded by the loss of allelic variation that occurs in Phytophthora capsici in response to ENU mutagenesis.
In light of these data it is reasonable to suspect that LOH events occur in response to other mutagenizing agents in Phytophthora. Phytophthora spp., as well as all other described oomycetes, lack pigmented cell walls, and ambient UV B and C irradiation may cause DNA damage. UV irradiation was used to induce nutritional auxotrophies in P. capsici and P. dreschleri (Castro et al 1971 industrial strains of Saccharomyces cerevisiae indicate that auxotrophic mutations induced by UV occur as a result of LOH (Shinji et al 2005) . Phytophthora capsici produces large amounts of hyaline sporangia on fruits of host plants such as pumpkin and squash, which typically are grown in full sunlight, and novel allelic variation might arise due to UV-induced LOH. Future experiments exploring the incidence and impact of UV induced LOH in Phytophthora and other oomycetes is warranted. 
